Antarctica has allowed the extension of the ice record of atmospheric composition and climate to the past four glacial-interglacial cycles. The succession of changes through each climate cycle and termination was similar, and atmospheric and climate properties oscillated between stable bounds. Interglacial periods differed in temporal evolution and duration. Atmospheric concentrations of carbon dioxide and methane correlate well with Antarctic air-temperature throughout the record. Present-day atmospheric burdens of these two important greenhouse gases seem to have been unprecedented during the past 420,000 years.
The late Quaternary period (the past one million years) is punctuated by a series of large glacial-interglacial changes with cycles that last about 100,000 years (ref. 1) . Glacial-interglacial climate changes are documented by complementary climate records 1, 2 largely derived from deep sea sediments, continental deposits of flora, fauna and loess, and ice cores. These studies have documented the wide range of climate variability on Earth. They have shown that much of the variability occurs with periodicities corresponding to that of the precession, obliquity and eccentricity of the Earth's orbit 1, 3 . But understanding how the climate system responds to this initial orbital forcing is still an important issue in palaeoclimatology, in particular for the generally strong 100,000-year (100-kyr) cycle.
Ice cores give access to palaeoclimate series that includes local temperature and precipitation rate, moisture source conditions, wind strength and aerosol fluxes of marine, volcanic, terrestrial, cosmogenic and anthropogenic origin. They are also unique with their entrapped air inclusions in providing direct records of past changes in atmospheric trace-gas composition. The ice-drilling project undertaken in the framework of a long-term collaboration between Russia, the United States and France at the Russian Vostok station in East Antarctica (78 S, 106 E, elevation 3,488 m, mean temperature !55 C) has already provided a wealth of such information for the past two glacial-interglacial cycles [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Glacial periods in Antarctica are characterized by much colder temperatures, reduced precipitation and more vigorous large-scale atmospheric circulation. There is a close correlation between Antarctic temperature and atmospheric concentrations of CO 2 and CH 4 (refs 5, 9) . This discovery suggests that greenhouse gases are important as amplifiers of the initial orbital forcing and may have significantly contributed to the glacial-interglacial changes [14] [15] [16] . The Vostok ice cores were also used to infer an empirical estimate of the sensitivity of global climate to future anthropogenic increases of greenhousegas concentrations 15 .
The recent completion of the ice-core drilling at Vostok allows us to considerably extend the ice-core record of climate properties at this site. In January 1998, the Vostok project yielded the deepest ice core ever recovered, reaching a depth of 3,623 m (ref. 17) . Drilling then stopped 120 m above the surface of the Vostok lake, a deep subglacial lake which extends below the ice sheet over a large area 18 , in order to avoid any risk that drilling fluid would contaminate the lake water. Preliminary data 17 indicated that the Vostok ice-core record extended through four climate cycles, with ice slightly older than 400 kyr at a depth of 3,310 m, thus spanning a period comparable to that covered by numerous oceanic 1 and continental 2 records.
Here we present a series of detailed Vostok records covering this 400-kyr period. We show that the main features of the more recent Vostok climate cycle resemble those observed in earlier cycles. In particular, we confirm the strong correlation between atmospheric greenhouse-gas concentrations and Antarctic temperature, as well as the strong imprint of obliquity and precession in most of the climate time series. Our records reveal both similarities and differences between the successive interglacial periods. They suggest the lead of Antarctic air temperature, and of atmospheric greenhousegas concentrations, with respect to global ice volume and Greenland air-temperature changes during glacial terminations.
The ice record
The data are shown in Figs 1, 2 and 3 (see Supplementary Information for the numerical data). They include the deuterium content of the ice (dD ice , a proxy of local temperature change), the dust content (desert aerosols), the concentration of sodium (marine aerosol), and from the entrapped air the greenhouse gases CO 2 and CH 4 , and the d 18 O of O 2 (hereafter d 18 O atm ) which reflects changes in global ice volume and in the hydrological cycle 19 . (dD and d 18 O are defined in the legends to Figs 1 and 2, respectively.) All these measurements have been performed using methods previously described except for slight modifications (see figure legends).
The detailed record of dD ice (Fig. 1 ) confirms the main features of the third and fourth climate cycles previously illustrated by the coarse-resolution record 17 . However, a sudden decrease from interglacial-like to glacial-like values, rapidly followed by an abrupt return to interglacial-like values, occurs between 3,320 and 3,330 m.
In addition, a transition from low to high CO 2 and CH 4 values (not shown) occurs at exactly the same depth. In undisturbed ice, the transition in atmospheric composition would be found a few metres lower (due to the difference between the age of the ice and the age of the gas 20 ). Also, three volcanic ash layers, just a few centimetres apart but inclined in opposite directions, have been observed-10 m above this dD excursion (3,311 m). Similar inclined layers were observed in the deepest part of the GRIP and GISP2 ice cores from central Greenland, where they are believed to be associated with ice flow disturbances. Vostok climate records are thus probably disturbed below these ash layers, whereas none of the six records show any indication of disturbances above this level. We therefore limit articles 430 NATURE the discussion of our new data sets to the upper 3,310 m of the ice core, that is, down to the interglacial corresponding to marine stage 11.3. Lorius et al. 4 established a glaciological timescale for the first climate cycle of Vostok by combining an ice-flow model and an iceaccumulation model. This model was extended and modified in several studies 12, 13 . The glaciological timescale provides a chronology based on physics, which makes no assumption about climate forcings or climate correlation except for one or two adopted control ages. Here, we further extend the Extended Glaciological Timescale (EGT) of Jouzel et al. 12 to derive GT4, which we adopt as our primary chronology (see Box 1) . GT4 provides an age of 423 kyr at a depth of 3,310 m.
Climate and atmospheric trends
Temperature. As a result of fractionation processes, the isotopic content of snow in East Antarctica (dD or d 18 O) is linearly related to the temperature above the inversion level, T I , where precipitation forms, and also to the surface temperature of the precipitation site, T S (with DT I ¼ 0:67DT S , see ref. 6 ). We calculate temperature changes from the present temperature at the atmospheric level as DT I ¼ ðDdD ice 8Dd 18 O sw Þ=9, where Dd 18 O sw is the globally averaged change from today's value of seawater d 18 O, and 9‰ per C is the spatial isotope/temperature gradient derived from deuterium data in this sector of East Antarctica 21 . We applied the above relationship to calculate DT S . This approach underestimates DT S by a factor of 2 in Greenland 22 and, possibly, by up to 50% in Antarctica 23 . However, recent model results suggest that any underestimation of temperature changes from this equation is small for Antarctica 24, 25 .
To calculate DT I from dD, we need to adopt a curve for the change in the isotopic composition of sea water versus time and correlate it with Vostok. We use the stacked d 18 O sw record of Bassinot et al. 26 , scaled with respect to the V19-30 marine sediment record over their common part that covers the past 340 kyr (ref. 27) ( Fig. 2 ). To avoid distortions in the calculation of DT I linked with dating uncertainties, we correlate the records by performing a peak to peak adjustment between the ice and ocean isotopic records. The d 18 O sw correction corresponds to a maximum DT I correction of 1 C and associated uncertainties are therefore small. We do not attempt to correct DT I either for the change of the altitude of the ice sheet or for the origin of the ice upstream of Vostok 13 ; these terms are very poorly known and, in any case, are also small (1 C).
The overall amplitude of the glacial-interglacial temperature change is 8 C for DT I (inversion level) and 12 C for DT S , the temperature at the surface ( Fig. 3 ). Broad features of this record are thought to be of large geographical significance (Antarctica and part of the Southern Hemisphere), at least qualitatively. When examined in detail, however, the Vostok record may differ from coastal 28 sites in East Antarctica and perhaps from West Antarctica as well.
Jouzel et al. 13 noted that temperature variations estimated from deuterium were similar for the last two glacial periods. The third and fourth climate cycles are of shorter duration than the first two cycles in the Vostok record. The same is true in the deep-sea record, where the third and fourth cycles span four precessional cycles rather than five as for the last two cycles ( Fig. 3 ). Despite this difference, one observes, for all four climate cycles, the same 'sawtooth' sequence of a warm interglacial (stages 11.3, 9.3, 7.5 and 5.5), followed by increasingly colder interstadial events, and ending with a rapid return towards the following interglacial. coolest part of each glacial period occurs just before the glacial termination, except for the third cycle. This may reflect the fact that the June 65 N insolation minimum preceding this transition (255 kyr ago) has higher insolation than the previous one (280 kyr ago), unlike the three other glacial periods. Nonetheless, minimum temperatures are remarkably similar, within 1 C, for the four climate cycles. The new data confirm that the warmest temperature at stage 7.5 was slightly warmer than the Holocene 13 , and show that stage 9.3 (where the highest deuterium value, !414.8‰, is found) was at least as warm as stage 5.5. That part of stage 11.3, which is present in Vostok, does not correspond to a particularly warm climate as suggested for this period by deep-sea sediment records 29 .
As noted above, however, the Vostok records are probably disturbed below 3,310 m, and we may not have sampled the warmest ice of this interglacial. In general, climate cycles are more uniform at Vostok than in deep-sea core records 1 . The climate record makes it unlikely that the West Antarctic ice sheet collapsed during the past 420 kyr (or at least shows a marked insensitivity of the central part of East Antarctica and its climate to such a disintegration). The power spectrum of DT I (Fig. 4) shows a large concentration of variance (37%) in the 100-kyr band along with a significant concentration (23%) in the obliquity band (peak at 41 kyr). This strong obliquity component is roughly in phase with the annual insolation at the Vostok site 4, 6, 15 . The variability of annual insolation at 78 S is relatively large, 7% (ref. 3 ). This supports the notion that annual insolation changes in high southern latitudes influence Vostok temperature 15 . These changes may, in particular, contribute to the initiation of Antarctic warming during major terminations, which (as we show below) herald the start of deglaciation.
There is little variance (11%) in DT I around precessional periodicities (23 and 19 kyr). In this band, the position of the spectral peaks is affected by uncertainties in the timescale. To illustrate this point, we carried out, as a sensitivity test, a spectral analysis using the control points provided by the d 18 O atm record (see Table 1 ). The position and strength of the 100-and 40-kyr-spectral peaks are unaffected, whereas the power spectrum is significantly modified for periodicities lower than 30 kyr. Insolation. d 18 O atm strongly depends on climate and related properties, which reflect the direct or indirect influence of insolation 19 . As a result, there is a striking resemblance between d 18 O atm and mid-June insolation at 65 N for the entire Vostok record (Fig. 3 ). This provides information on the validity of our glaciological timescale Calculation of the strain-induced thinning of annual layers is now performed accounting for the existence of the subglacial Vostok lake.
Indeed, running the ice-flow model 48 with no melting and no basal sliding as done for EGT 12 leads to an age 1,000 kyr for the deepest level we consider here (3,310 m), which is much too old. Instead, we now allow for moderate melting and sliding. These processes diminish thinning for the lower part of the core and provide younger chronologies. We ran this age model 48 the insolation maximum (11 kyr) . We assume that this correspondence also holds for earlier insolation maxima. The resulting control points ( Fig. 3 and We conclude that accuracy of GT4 is always better than 15 kyr, better than 10 kyr for most of the record, and better than 5 kyr for the last 110 kyr. This timescale is quite adequate for the discussions here which focus on the climatic information contained in the Vostok records themselves.
(see Box 1). The precessional frequencies, which do not account for much variance in DT I , are strongly imprinted in the d 18 O atm record (36% of the variance in this band, Fig. 4 ). In addition, the remarkable agreement observed back to stage 7.5 between the amplitude of the filtered components of the mid-June insolation at 65 N and d 18 O atm in the precessional band 13 holds true over the last four climate cycles (not shown). As suggested by the high variance of d 18 O atm in the precessional band, this orbital frequency is also reflected in the Dole effect, the difference between d 18 O atm and d 18 O sw , confirming results obtained on the last two climate cycles 19, 30 . Aerosols. Figure 2 shows records of aerosols of different origins. The sodium record represents mainly sea-salt aerosol entrained from the ocean surface, whereas the dust record corresponds to the small size fraction (2 m) of the aerosol produced by the continent. The extension of the Vostok record confirms much higher fallout during cold glacial periods than during interglacials. Concentrations range up to 120 ng g !1 , that is, 3 to 4 times the Holocene value, for sea-salt. For dust, they rise from about 50 ng g !1 during interglacials to 1,000-2,000 ng g !1 during cold stages 2, 4, 6, 8 and 10. The sodium concentration is closely anti-correlated with isotopic temperature (r 2 ¼ 0:70 over the past 420 kyr). The power spectrum of the sodium concentration, like that of DT I , shows periodicities around 100, 40 and 20 kyr ( Fig. 4) . Conditions prevailing during the present-day austral winter could help explain the observed glacial/interglacial changes in sodium. The seasonal increase of marine aerosol observed in the atmosphere and snow at the South Pole in September 31 corresponds to the maximum extent of sea ice; this is because the more distant source effect is compensated by the greater cyclonic activity, and by the more efficient zonal and meridional atmospheric circulation probably driven by the steeper meridional (ocean-Antarctica) temperature gradient. These modern winter conditions may be an analogue for glacial climates, supporting the apparent close anti-correlation between sodium concentration and temperature at Vostok.
The extension of the Vostok dust record confirms that continental aridity, dust mobilization and transport are more prevalent during glacial climates, as also reflected globally in many dust records (see ref. 10 and references therein). The presence of larger particles in the Vostok record, at least during the Last Glacial Maximum 10 , indicates that the atmospheric circulation at high southern latitudes was more turbulent at that time. Lower atmospheric moisture content and reduced hydrological fluxes may also have contributed significantly (that is, one order of magnitude 32 ) to the very large increases of dust fallout during full glacial periods because of a lower aerosol-removal efficiency.
Unlike sodium concentration, the dust record is not well correlated with temperature (see below) and shows large concentrations of variance in the 100-and 41-kyr spectral bands (Fig. 4) . The Vostok dust record is, in this respect, similar to the tropical Atlantic dust record of de Menocal 33 who attributes these spectral characteristics to the progressive glaciation of the Northern Hemisphere and the greater involvement of the deep ocean circulation. We suggest that there also may be some link between the Vostok dust record and deep ocean circulation through the extension of sea ice in the South Atlantic Ocean, itself thought to be coeval with a reduced deep ocean circulation 34 . Our suggestion is based on the fact that the dust source for the East Antarctic plateau appears to be South America, most likely the Patagonian plain, during all climate states of the past 420 kyr (refs 35, 36) . The extension of sea ice in the South Atlantic during glacial times greatly affects South American climate, with a more northerly position of the polar front and the belt of Westerlies pushed northward over the Andes. This should lead, in these mountainous areas, to intense glacial and fluvial erosion, and to colder and drier climate with extensive dust mobilization (as evidenced by glacial loess deposits in Patagonia). Northward extension of sea ice also leads to a steeper meridional temperature gradient and to more efficient poleward transport. Therefore, Vostok dust peaks would correspond to periods of increased seaice extent in the South Atlantic Ocean, probably associated with reduced deep ocean circulation (thus explaining observed similarities with the tropical ocean dust record 33 ). Greenhouse gases. The extension of the greenhouse-gas record shows that the main trends of CO 2 and CH 4 concentration changes are similar for each glacial cycle (Fig. 3 ). Major transitions from the lowest to the highest values are associated with glacial-interglacial transitions. At these times, the atmospheric concentrations of CO 2 rises from 180 to 280-300 p.p.m.v. and that of CH 4 rises from 320-350 to 650-770 p.p.b.v. There are significant differences between the CH 4 concentration change associated with deglaciations. Termination III shows the smallest CH 4 increase, whereas termination IV shows the largest (Fig. 5) . Differences in the changes over deglaciations are less significant for CO 2 . The decrease of CO 2 to the minimum values of glacial times is slower than its increase towards interglacial levels, confirming the sawtooth record of this property. CH 4 also decreases slowly to its background level, but with a series of superimposed peaks whose amplitude decreases during the course of each glaciation. Each CH 4 peak is itself characterized by rapid increases and slower decreases, but our resolution is currently inadequate to capture the detail of millennial-scale CH 4 variations. During glacial inception, Antarctic temperature and CH 4 concentrations decrease in phase. The CO 2 decrease lags the temperature decrease by several kyr and may be either steep (as at the end of interglacials 5.5 and 7.5) or more regular (at the end of interglacials 9.3 and 11.3). The differences in concentration-time profiles of CO 2 and CH 4 are reflected in the power spectra (Fig. 4) . The 100-kyr component dominates both CO 2 and CH 4 records. However, the obliquity and precession components are much stronger for CH 4 than for CO 2 .
The extension of the greenhouse-gas record shows that presentday levels of CO 2 and CH 4 (360 p.p.m.v. and 1,700 p.p.b.v., respectively) are unprecedented during the past 420 kyr. Pre-industrial Holocene levels (280 p.p.m.v. and 650 p.p.b.v., respectively) are found during all interglacials, while values higher than these are found in stages 5.5, 9.3 and 11.3 (this last stage is probably incomplete), with the highest values during stage 9.3 (300 p.p.m.v. and 780 p.p.b.v., respectively).
The overall correlation between our CO 2 and CH 4 records and the Antarctic isotopic temperature 5, 9, 16 is remarkable (r 2 ¼ 0:71 and 0.73 for CO 2 and CH 4 , respectively). This high correlation indicates that CO 2 and CH 4 may have contributed to the glacial-interglacial changes over this entire period by amplifying the orbital forcing along with albedo, and possibly other changes 15, 16 . We have calculated the direct radiative forcing corresponding to the CO 2 , CH 4 and N 2 O changes 16 . The largest CO 2 change, which occurs between stages 10 and 9, implies a direct radiative warming of DT rad ¼ 0:75 C. Adding the effects of CH 4 and N 2 O at this termination increases the forcing to 0.95 C (here we assume that N 2 O varies with climate as during termination I 37 ). This initial forcing is amplified by positive feedbacks associated with water vapour, sea ice, and possibly clouds (although in a different way for a 'doubled CO 2 ' situation than for a glacial climate 38 ). The total glacial-interglacial forcing is important (3 Wm !2 ), representing 80% of that corresponding to the difference between a 'doubled CO 2 ' world and modern CO 2 climate. Results from various climate simulations 39, 40 make it reasonable to assume that greenhouse gases have, at a global scale, contributed significantly (possibly about half, that is, 2-3 C) to the globally averaged glacial-interglacial temperature change.
Glacial terminations and interglacials
Our complete Vostok data set allows us to examine all glacial commencements and terminations of the past 420 kyr. We can examine the time course of the following five properties during these events: dD ice , dust content, d 18 O atm , CO 2 and CH 4 (Fig. 5 ). We consider that, during the terminations, d 18 A striking feature of the Vostok deuterium record is that the Holocene, which has already lasted 11 kyr, is, by far, the longest stable warm period recorded in Antarctica during the past 420 kyr (Fig. 5 ). Interglacials 5.5 and 9.3 are different from the Holocene, but similar to each other in duration, shape and amplitude. During each of these two events, there is a warm period of 4 kyr followed by a relatively rapid cooling and then a slower temperature decrease (Fig. 5 ), rather like some North Atlantic deep-sea core records 42 . Stage 7.5 is different in all respects, with a slightly colder maximum, a more spiky shape, and a much shorter duration (7 kyr at midtransition compared with 17 and 20 kyr for stages 5.5 and 9.3, respectively). This difference between stage 7.5 and stages 5.5 or 9.3 may result from the different configuration of the Earth's orbit (in particular concerning the phase of precession with respect to obliquity 3 ). Termination III is also peculiar as far as terrestrial aerosol fallout is concerned. Terminations I, II and IV are marked by a large decrease in dust; high glacial values drop to low interglacial values by the mid-point of the dD ice increase. But for termination III, the dust concentration decreases much earlier, with low interglacial values obtained just before a slight cooling event, as for termination I (for which interglacial values are reached just before the 'Antarctic Cold Reversal').
Unlike termination I, other terminations show, with our present resolution, no clear temperature anomalies equivalent to the Antarctic Cold Reversal 6 (except possibly at the very beginning of termination III). There are also no older counterparts to the Younger Dryas CH 4 minimum 43 ) during terminations II, III and IV given the present resolution of the CH 4 record (which is no better than 1,000-2,000 yr before stage 5).
The sequence of events during terminations III and IV is the same as that previously observed for terminations I and II. Vostok temperature, CO 2 and CH 4 increase in phase during terminations. Uncertainty in the phasing comes mainly from the sampling frequency and the ubiquitous uncertainty in gas-age/ice-age differences (which are well over 1 kyr during glaciations and terminations). In a recent paper, Fischer et al. 44 present a CO 2 record, from Vostok core, spanning the past three glacial terminations. They conclude that CO 2 concentration increases lagged Antarctic warmings by 600 400 years. However, considering the large gas-age/iceage uncertainty (1,000 years, or even more if we consider the accumulation-rate uncertainty), we feel that it is premature to infer the sign of the phase relationship between CO 2 and temperature at the start of terminations. We also note that their discussion relates to early deglacial changes, not the entire transitions.
An intriguing aspect of the deglacial CH 4 curves is that the atmospheric concentration of CH 4 rises slowly, then jumps to a maximum value during the last half of the deglacial temperature rise. For termination I, the CH 4 jump corresponds to a rapid Northern Hemisphere warming (Bölling/Allerød) and an increase I  TERM II  TERM III  TERM IV 10,000 20,000 130,000 140,000 230,000 240,000 320,000 330,000
Age ( in the rate of Northern Hemisphere deglaciation (meltwater pulse IA) 43 . We speculate that the same is true for terminations II, III and IV. Supportive evidence comes from the d 18 O atm curves. During each termination, d 18 O atm begins falling rapidly, signalling intense deglaciation, within 1 kyr of the CH 4 jump. The lag of deglaciation and Northern Hemisphere warming with respect to Vostok temperature warming is apparently greater during terminations II and IV (9 kyr) than during terminations I and III (4-6 kyr). The changes in northern summer insolation maxima are higher during terminations II and IV, whereas the preceding southern summer insolation maxima are higher during terminations I and III. We speculate that variability in phasing from one termination to the next reflects differences in insolation curves 41 or patterns of abyssal circulation during glacial maximum. Our results suggest that the same sequence of climate forcings occurred during each termination: orbital forcing (possibly through local insolation changes, but this is speculative as we have poor absolute dating) followed by two strong amplifiers, with greenhouse gases acting first, and then deglaciation enhancement via ice-albedo feedback. The end of the deglaciation is then characterized by a clear CO 2 maximum for terminations II, III and IV, while this feature is less marked for the Holocene.
Comparison of CO 2 atmospheric concentration changes with variations of other properties illuminates oceanic processes influencing glacial-interglacial CO 2 changes. As already noted for terminations I and II 41 , the sequence of climate events described above rules out the possibility that rising sea level induces the CO 2 increase at the beginning of terminations. On the other hand, the small CO 2 variations associated with Heinrich events 45 suggest that the formation of North Atlantic Deep Water does not have a large effect on CO 2 concentrations. Our record shows similar relative amplitudes of atmospheric CO 2 and Vostok temperature changes for the four terminations. Also, values of both CO 2 and temperature are significantly higher during stage 7.5 than during stages 7.1 and 7.3, whereas the deep-sea core ice volume record exhibits similar levels for these three stages. These similarities between changes in atmospheric CO 2 and Antarctic temperature suggest that the oceanic area around Antarctica plays a role in the long-term CO 2 change. An influence of high southern latitudes is also suggested by the comparison with the dust profile, which exhibits a maximum during the periods of lowest CO 2 . The link between dust and CO 2 variations could be through the atmospheric input of iron 46 . Alternatively, we suggest a link through deep ocean circulation and sea ice extent in the Southern Ocean, both of which play a role in ocean CO 2 ventilation and, as suggested above, in the dust input over East Antarctica.
New constraints on past climate change
As judged from Vostok records, climate has almost always been in a state of change during the past 420 kyr but within stable bounds (that is, there are maximum and minimum values of climate properties between which climate oscillates). Significant features of the most recent glacial-interglacial cycle are observed in earlier cycles. Spectral analysis emphasises the dominance of the 100-kyr cycle for all six data series except d 18 O atm and a strong imprint of 40and/or 20-kyr periodicities despite the fact that the glaciological dating is tuned by fitting only two control points in the 100-kyr band.
Properties change in the following sequence during each of the last four glacial terminations, as recorded in Vostok. First, the temperature and atmospheric concentrations of CO 2 and CH 4 rise steadily, whereas the dust input decreases. During the last half of the temperature rise, there is a rapid increase in CH 4 . This event coincides with the start of the d 18 O atm decrease. We believe that the rapid CH 4 rise also signifies warming in Greenland, and that the deglacial d 18 O atm decrease records rapid melting of the Northern Hemisphere ice sheets. These results suggest that the same sequence of climate forcing operated during each termination: orbital forcing (with a possible contribution of local insolation changes) followed by two strong amplifiers, greenhouse gases acting first, then deglaciation and ice-albedo feedback. Our data suggest a significant role of the Southern Ocean in regulating the long-term changes of atmospheric CO 2 .
The Antarctic temperature was warmer, and atmospheric CO 2 and CH 4 concentrations were higher, during interglacials 5.5 and 9.3 than during the Holocene and interglacial 7.5. The temporal evolution and duration of stages 5.5 and 9.3 are indeed remarkably similar for all properties recorded in Vostok ice and entrapped gases. As judged from the Vostok record, the long, stable Holocene is a unique feature of climate during the past 420 kyr, with possibly profound implications for evolution and the development of civilizations. Finally, CO 2 and CH 4 concentrations are strongly correlated with Antarctic temperatures; this is because, overall, our results support the idea that greenhouse gases have contributed significantly to the glacial-interglacial change. This correlation, together with the uniquely elevated concentrations of these gases today, is of relevance with respect to the continuing debate on the future of Earth's climate.
